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Genome wide association studies (GWAS) have linked polymorphisms in autophagy genes 
to Crohn’s Disease (CD). Interestingly, recent studies have shown that defective autophagy 
leads to increased levels of the cytokines IL-1 and TNF-Į, which play a critical role in Th17 
cell differentiation. This is significant because CD is marked by a Th17 cell mediated 
inflammatory response. Through a unique synthesis of the current CD literature, this review 
examines the manners in which defective expression of autophagy linked proteins indirectly 
amplify and sustain Th17 cell induction through increasing the production of Th17 positively 
differentiating cytokines (IL-1 and TNF-Į) and decreasing the production of the Th17 down 
regulating cytokine IL-10. 
Introduction
,QWKHZHVWHUQKHPLVSKHUHRYHUPLOOLRQSHRSOHKDYHLQÁDPPDWRU\ERZHOGLVHDVHV,%'>@
The two most prevalent varieties of IBD are Ulcerative Colitis (UC) and Crohn’s Disease (CD), 
ZKLFKDUHERWKPDUNHGE\DEHUUDQW LQÁDPPDWLRQ LQ WKH LQWHVWLQDO WUDFW$OWKRXJKSUHYLRXVO\
thought to primarily affect Western Europe and North America, new evidence shows strikingly 
increased prevalence rates across the globe especially in the Middle East, India, China, and 
-DSDQ>@,QOLJKWRIWKLVLQFUHDVHGSUHYDOHQFHWKHQHHGIRUHIIHFWLYHWUHDWPHQWLVXUJHQW
This paper will focus on Crohn’s Disease (CD), which is marked by chronic intestinal 
LQÁDPPDWLRQ SULPDULO\ LQ WKH WHUPLQDO LOHXP 6\PSWRPV LQFOXGH DEGRPLQDO SDLQ IHYHU
intestinal blockage and diarrhea. Severe cases are characterized by intestinal stricturing and 
LQWUDDEGRPLQDORUSHULDQDOÀVWXODH&'UHVXOWVIURPJHQHWLFDOO\DQGHQYLURQPHQWDOO\GULYHQ
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&'LQÁDPPDWLRQLVVWURQJO\DVVRFLDWHGZLWKLQFUHDVHG7KFHOOOHYHOV&RPSDUHGWR
normal intestinal mucosa, the mucosa of CD patients contains increased levels of Th17 cells 
[5]. The increased numbers of Th17 cells in active CD, is logical as high levels of both the 
F\WRNLQHV QHHGHG IRU7K LQGXFWLRQ ,/ ,/71)Ơ DQG VWDELOL]DWLRQ ,/ DQG WKH
HIIHFWRUF\WRNLQHVSURGXFHGE\7KFHOOV,/,/DQG,/DUHIRXQGLQWKHLQÁDPHG
mucosa of CD patients.  
Genome Wide Association Studies (GWAS) have further strengthened the link between 
Th17 cells and CD by linking single nucleotide polymorphisms (SNPs) in components of the 
7KSDWKZD\LQFOXGLQJSMDNFFUDQGPRVWVLJQLÀFDQWO\WKH,/UHFHSWRU,/5
WR,%'>@7KHPRVWFRPPRQ613IRUWKH,/5LVWKHVHFRQGPRVWIUHTXHQWSRO\PRUSKLVP
OLQNHGWR&'>@7KFHOOVDUHVSHFLÀFDOO\PDUNHGE\WKHH[SUHVVLRQRI&', the presence 
of the retinoic acid receptor-related orphan nuclear receptor gamma transcription factor (ROR-
ƢWDQGKLJKOHYHOVRI,/5>@





cytokines produced by Th17 cells are found in abundance in the intestine of CD patients.
Th17 cell derived cytokines contribute to the hyperactive and damaging immune response 
DVVRFLDWHGZLWK&'LQDQXPEHURIZD\V,/>@,/>@DQG,/>@DFWLYDWHFRORQLF
ÀEUREODVWVWRSURGXFHHQ]\PHVNQRZQDVPDWUL[PHWDOORSURWHLQDVHV003VWKDWGHJUDGHWKH
extracellular matrix. The extracellular matrix between cells is made up of proteins, like collagen, 
that help to maintain the integrity and strength of intestinal walls. Thus, high levels of MMPs 
damage the intestinal wall. The abnormally high levels of MMPs are likely to be responsible for 
PXFKRIWKHLQWHVWLQDOGDPDJHXOFHUDWLRQDQGÀEURVLVVFDUULQJRI&'>@,QGHHGLQPRXVH
models of CD, antibodies designed to inhibit MMPs have shown a therapeutic ability to reduce 
LQWHVWLQDOGDPDJHDQGLQÁDPPDWLRQ>@7KXVHIIHFWRUF\WRNLQHVRI7KFHOOVFRQWULEXWHWR
CD symptoms partially through the activation of MMPs.
Besides activating MMPs, Th17 effector cytokines contribute to the hyper immune 
response associated with CD in a plethora of other ways. IL-17 binds to receptors on endothelial 
and myeloid cells, where it induces the expression of key chemokines involved in neutrophil 
UHFUXLWPHQW DQG RI SURLQÁDPPDWRU\ F\WRNLQHV LQFOXGLQJ ,/ơ WXPRU QHFURVLV IDFWRUƠ
71)ƠDQG,/>@,/LQGXFHVWKHH[SUHVVLRQRIWKH7FHOOFKHPRDWWUDFWDQWPDFURSKDJH
LQÁDPPDWRU\ SURWHLQƠ 0,3Ơ IURP LQWHVWLQDO HSLWKHOLDO FHOOV >@ DQG HQGRZV &' 
7 FHOOV ZLWK UHVLVWDQFH WR 7UHJPHGLDWHG VXSSUHVVLRQ >@ ,/ XS UHJXODWHV GHIHQVLQ
SURGXFWLRQ>@71)ƠDQG,/P51$H[SUHVVLRQ>@ LQWHVWLQDOHSLWKHOLDOFHOOPLJUDWLRQ
>@DQGOHYHOVRIDFXWHSKDVHUHDFWDQWV>@7KXVWKURXJKWKHDFWLYDWLRQRIYDULRXVIDFWRUV
including MMPs, the effector cytokines produced by Th17 cells are responsible for much of the 
VHYHUHLQÁDPPDWLRQDVVRFLDWHGZLWK&'
Th17 Polarization 
Interestingly, Th17 cells are closely related to inducible T regulatory (iTreg) cells, another 
VXESRSXODWLRQRI&'T cells.  In contrast to the damaging properties of Th17 cells, Treg cells, 




7KDQGL7UHJFHOOVERWKDULVHIURPWKHGLIIHUHQWLDWLRQRIQDwYH&' Th cells. Once 
QDLYH&' T cells have developed and matured in the thymus, they exit and begin to circulate 
WKURXJKWKHO\PSKV\VWHPDQGO\PSKQRGHV/11DLYH&' T cells are T cells that have not 
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HQFRXQWHUHGWKHDQWLJHQWKDWWKH\DUHGHVLJQHGWRUHDFWWR,QWKH/1WKHVHQDLYH&' T cells 
are activated by antigen-presenting cells (APCs) through T-cell receptor ligation (presentation 
RIDVSHFLÀFDQWLJHQRQWKH$3&·VPDMRUKLVWRFRPSDWLELOLW\FRPSOH[,,WRWKHQDLYH&' T cell’s 
7FHOO UHFHSWRUDQGFRVWLPXODWLRQ7KHVSHFLÀFDQWLJHQV WKDW WKH$3&VDUHXVLQJ WRDFWLYDWH
QDLYH&'7FHOOVLQ&'UHPDLQXQFOHDU7KHÀQDOSKHQRW\SHRIDQDLYH&' T cell is then 
determined by the cytokine environment. Thus the factors that alter the cytokine environment 
KDYHDPDMRUUROHLQGHWHUPLQLQJWKHWHUPLQDOOLQHDJHFRPPLWPHQWRIQDLYH&' T cells.
,QGHHG WKH IDWH RI D QDwYH&'7 FHOO LV FULWLFDOO\ LQÁXHQFHG E\ZKLFK F\WRNLQHV LW
FRPHVLQWRFRQWDFWZLWK,QWKH/1QDwYH&' T cells are likely to come into contact with 
VWLPXODWRU\ F\WRNLQHV7KHVH F\WRNLQHV FDQ EH HLWKHU DQWLLQÁDPPDWRU\ LQFOXGLQJ ,/ RU
SURLQÁDPPDWRU\LQFOXGLQJ,/71)DQG,/
Treg cell (both iTreg and nTreg) induction largely depends upon the activation of the Treg 
WUDQVFULSWLRQIDFWRU)R[SIRUNKHDGER[SURWHLQ>@ ,QFRQWUDVW7KFHOO LQGXFWLRQ
ODUJHO\ GHSHQGV XSRQ WKH DFWLYDWLRQ RI7K WUDQVFULSWLRQ IDFWRU525ƢW >@:LWKRXW WKH
LQWHUIHUHQFHRILQÁDPPDWRU\F\WRNLQHV)R[SQRUPDOO\ELQGVWRDQGGRZQUHJXODWHV525ƢW
>@7KXVWKHLQGXFWLRQRIL7UHJFHOOVLVQDWXUDOO\IDYRUHGRYHUWKHLQGXFWLRQRI7KFHOOVLQ
QRQLQÁDPPDWRU\ FRQGLWLRQV<HW WKH LQÁDPPDWRU\ F\WRNLQHV ,/ DQG71) SUHYHQW WKH
)R[SGRZQUHJXODWLRQRI525ƢWE\GHDFWLYDWLQJ)R[S>@2QFH)R[SLVGHDFWLYDWHG
525ƢW LVQR ORQJHU LQKLELWHGDQG LIDGGLWLRQDOO\DFWLYDWHGE\ ,/ZLOOEHJLQSRODUL]LQJ WKH
QDwYH&'7FHOO WRZDUGVD7KSKHQRW\SH>@7KXVKLJK OHYHOVRI,/ ,/DQG
71)FDQVWURQJO\ELDVWKHGLIIHUHQWLDWLRQRIQDwYH&' T cells into Th17 cells.  
Th17 Inducing Cytokines  
IL-1ȕ 
Increased levels of ,/ơDUHFRQVLVWHQWO\IRXQGLQSDWLHQWVZLWK&'>@Indeed, 
PXFKRI&'LQÁDPPDWLRQLVWKHUHVXOWRIKHLJKWHQHG,/OHYHOV7KHSRWHQWDQWLLQÁDPPDWRU\
power of anti-TNF antibodies is partially attributed to the ability of anti-TNF antibodies to 
GRZQUHJXODWH,/ơVHFUHWLRQ>@ In mice with increased IL-1 levels, anti-IL-1 antibodies 
WDSHUHGWKHVHYHUHLQWHVWLQDOLQÁDPPDWLRQWKDWUHVXOWHGIURP'66WUHDWPHQW>@VXJJHVWLQJWKH
SULPDU\UROH,/SOD\VLQLQWHVWLQDOLQÁDPPDWLRQ
The IL-1 receptor (IL-1R) is found not only on leukocytes, but also on numerous other 
FHOOVLQFOXGLQJKHSDWRF\WHVHQGRWKHOLDODQGHSLWKHOLDOFHOOV>@7KLVEURDGH[SUHVVLRQRI,/
5KHOSV DFFRXQW IRU WKHEURDG DQGSRWHQW LQÁDPPDWRU\SRWHQWLDO RI ,/<HW WKHSULPDU\
UHDVRQWKDW,/SOD\VVXFKDQLPSRUWDQWUROHLQLQWHVWLQDO&'LQÁDPPDWLRQLVEHFDXVHLW plays 
a pivotal role in activating Th17 cells>@
IL-1 activates and sustains Th17 populations. In the gut, resident macrophages (CD68 
DUH WKHPDLQVRXUFHRI ,/ >@7KH UHPRYDORI WKHVH ,/SURGXFLQJPDFURSKDJHV
LPSDLUHGWKH7KUHVSRQVHDQGVXEVHTXHQWO\UHGXFHGLQWHVWLQDOLQÁDPPDWLRQ>@7K
&'O\PSKRF\WHVH[SUHVVXQXVXDOO\KLJKHUOHYHOVRI,/UHFHSWRUVWKDQ&'QHJDWLYH
lymphocytes [8]. This shows the critical role IL-1 plays in driving differentiation of Th17 cells, 
as CD161 is a marker of cells committed to the Th17 phenotype [8]. Studies have shown that 
disruption of the IL-1R strongly impairs Th17 differentiation and accumulation as well as 
LQWHVWLQDOLQÁDPPDWLRQ>@





Besides polarizing the Th17 phenotype, IL-1 has a key role in maintaining the activated 
state and growth of Th17 cells. In vitro experiments showed IL-1’s ability to activate IL-17 
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SURGXFWLRQDQG7KH[SDQVLRQLQDQHQYLURQPHQWGHYRLGRI7&5VWLPXODWLRQ>@7KHUHIRUH
through driving the polarization and expansion of the Th17 phenotype, IL-1 increases intestinal 
LQÁDPPDWLRQ
IL-23
,/ SOD\V D PDMRU UROH LQ WKH VWDELOL]DWLRQ DQG PDLQWHQDQFH RI 7K FHOOV DQG LV
LPSOLFDWHGLQ&'LQÁDPPDWLRQ,QWKHLQWHVWLQHLWLVPDLQO\SURGXFHGE\VWLPXODWHGPDFURSKDJHV
DQGGHQGULWLFFHOOV'&V>@3RO\PRUSKLVPVLQFUHDVLQJWKHDFWLYDWLRQDQGH[SDQVLRQRI,/







conditions of CD. 
+LJK OHYHOV RI ,/ VSHFLÀFDOO\ LQKLELW WKH SURGXFWLRQ RI ,/ E\ ODPLQD SURSULD
PRQRQXFOHDU FHOOV DQG&'7FHOOV >@ ,/ LV DSRWHQW DQWLLQÁDPPDWRU\F\WRNLQH WKDW
SOD\VDYLWDOUROHLQWKHUHJXODWLRQRILQÁDPPDWRU\UHVSRQVHV>@,/KDVWKHFDSDELOLW\WR
LQÁXHQFHWKHGLIIHUHQWLDWLRQRIQDwYH&'7FHOOV,/KHOSVSHUVXDGHQDwYH&' T cells to 
GLIIHUHQWLDWHLQWRL7UHJFHOOV>@+LJKOHYHOVRI,/FDQSHUVXDGHQDwYH&' T cells in vitro 
WREHFRPHVSHFLDOL]HG7U)R[S-) cells that in turn secrete increased levels of IL-10 [57]. Thus 
LQKLELWLRQRI ,/ZRXOG OHDG WRGHFUHDVHG7UHJFHOO LQGXFWLRQDQG LQFUHDVHG LQÁDPPDWRU\
conditions that would favor Th17 development. Studies continue to show that the polarization 
RIWKH7KSKHQRW\SHLVVWURQJO\GHSHQGHQWRQLQÁDPPDWRU\FRQGLWLRQVLQWKHVXUURXQGLQJLQ
vivo microenvironment [58].
7KH DGGLWLRQ RI ,/ WR QDwYH &' T cells decreases the inhibition of the Th17 
WUDQVFULSWLRQIDFWRU525ƢWE\)R[SDQGDFFRUGLQJO\OHDGVWRWKHLQFUHDVHGSRODUL]DWLRQRIWKH
7KSKHQRW\SH>@%HVLGHVSRODUL]LQJWKH7KSKHQRW\SHVWXGLHVKDYHVKRZQWKDW,/














The presence of certain cytokines has an enormous effect on dictating whether the 
immune response will be regulated or will become excessive. Because the up-regulation 
of Th17 cells simultaneously down regulates Treg cells, the induction of Th17 cells 
simultaneously removes the primary cell associated with immune regulation. This results 
in an increase in the ratio of Th17 cells to Treg cells. Thus, the compound effect pro-
LQÁDPPDWRU\ F\WRNLQHV KDYHRI XQOHDVKLQJ7K FHOOV DW WKH FRVW RI7UHJ FHOOV UHVXOWV
LQ VHYHUH DQG XQFKHFNHG LQÁDPPDWLRQ Therefore, any cellular process that leads to 
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DEQRUPDOO\KLJKOHYHOVRIWKHVSHFLÀFF\WRNLQHVQHHGHGIRU7KFHOOGLIIHUHQWLDWLRQFRXOG
potentially be linked to increased Th17 induction. Fascinatingly, both TNF-Ơ and IL-1 
secretion is up regulated when a cellular process known as autophagy is defective. The 
UHPDLQGHURIWKLVSDSHUZLOODWWHPSWWRWUDFHWKHPDQQHUVLQZKLFK71)ƠDQG,/DUHXS
regulated by the defective autophagy.
Autophagy 
Autophagy refers to the cellular response to stress that results in the degradation/
recycling of cytoplasmic components. This catabolic pathway responds to a wide variety of 
cellular stress such as nutrient deprivation, hypoxia, DNA damage, mechanical injury, ROS, 
misfolded protein/ER stress, organelle dysfunction and pathogen (viruses, bacteria, or parasites) 
LQIHFWLRQ>@
Xenophagy is the form of autophagy when the cytoplasmic component being degraded 
is a pathogen. In other words, xenophagy is the autophagic engulfment and breakdown of 
LQWUDFHOOXODUEDFWHULD>@;HQRSKDJ\KDVEHHQVKRZQWRRFFXULQÀEUREODVWV>@ LQWHVWLQDO
epithelial cells [66], non-intestinal epithelial cells [67], monocytes [68], and macrophages [68, 
69]. 
Autophagy (and thus xenophagy) functions through the engulfment of cytoplasmic 
components by an autophagosome, which then fuses with a lysosome, resulting in the degradation 
of the components [70]. The autophagosome is a double membrane vesicle that is assembled by 
autophagy related proteins (Atgs) [70]. Proper autophagosome induction is a complex process 
involving many steps and is dependent on many different proteins [70]. Interestingly three of 
WKHVHSURWHLQV$7*/12'DQG,5*0KDYHEHHQJHQHWLFDOO\OLQNHGWR&'
Genetics (GWAS Genome Wide Association Studies) 
In an attempt to understand the pathogenesis of CD, researchers have utilized new 
WHFKQRORJ\LQDWWHPSWWRÀQGJHQHVWKDWFRUUHODWHZLWK&',QWKHODVWGHFDGHJHQRW\SLQJD
RQFHH[SHQVLYHDQGODERULRXVSURFHVVKDVEHFRPHVLJQLÀFDQWO\PRUHDIIRUGDEOHDQGHIÀFLHQW
[71]. This improvement in genotyping has led to the arrival of Genome Wide Association 
Studies (GWAS). In GWAS, thousands of genome wide single nucleotide polymorphisms 
(SNPs) in controls and cases are compared.  So far, this process has resulted in the labeling of 
ULVNORFLIRU&'>@,QWULJXLQJO\WKUHHRIWKHJHQHVPRVWVWURQJO\OLQNHGWR&'FRGHIRU
SURWHLQV$7*/12'DQG,5*0WKDWDUHLQYROYHGLQDXWRSKDJ\>@7KHVHVWXGLHVWKXV
suggested a key role of autophagy in the pathogenesis of CD.
118
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CD linked Single Nucleotide Polymorphisms (SNPs) associated with 
autophagy
NOD2
Pattern recognition receptors (PRRs), including Toll like receptors (TLRs) and Nod like 
UHFHSWRUV 1/5V UHFRJQL]H FRPSRQHQWV RI YLUXVHV DQGEDFWHULD12' QXFOHRWLGHELQGLQJ





intracellular bacteria have the potential to play a major role in CD.  
7KUHHVSHFLÀFPXWDWLRQVLQWKH12'JHQHVLQKXPDQVKDYHEHHQVWURQJO\OLQNHGWR&'
Both the two SNPs, substitution of positively charged arginine for neutrally charged glycine 










engulfment and breakdown of intracellular bacteria. Functional xenophagy depends upon the 
complete engulfment of intracellular pathogens and thus depends on the correct induction 
of autophagosomes at the sites of pathogen entry. In turn this induction depends upon the 
recruitment of ATG16L1 to the plasma membrane, where the sites of pathogen entry are located 
[76]. 
The recruitment of ATG16L1 to the sites of bacterial entry was found to be completely 
GHSHQGHQWXSRQ12'>@12'ELQGVWR$7*/DQGSRVLWLRQVLWLQWKHDSSURSULDWHSODFH
DURXQGWKHSODVPDPHPEUDQH,QGHHGWKHSK\VLFDOLQWHUDFWLRQEHWZHHQ0'3VWLPXODWHG12'
and ATG16L1 resulted in the proper recruitment of ATG16L1 to the sites of bacterial entry on 
the plasma membrane [76]. Human macrophages homozygous for the (L100fsinsC) frameshift 
mutation were unable to recruit ATG16L1 to the sites of bacterial entry on the plasma membrane 
>@&RQVHTXHQWO\[HQRSKDJ\ZDVGHIHFWLYHEHFDXVHWKHDXWRSKDJRVRPHVIDLOHGWRVXIÀFLHQWO\









the ileum [78].  The mutation is found in the carboxyl terminal WD-repeat domain, which is 
implicated in protein-membrane/protein-protein interactions [78].
$7*/ FRPELQHV ZLWK $WJ DQG $WJ WR IRUP D PXOWLPHULF SURWHLQ FRPSOH[
that is essential for correct autophagosome induction [79]. Dysfunctional ATG16L1 leads 
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to dysfunctional autophagosome induction and hence, dysfunctional autophagy. Thus, 
dysfunctional ATG16L1 would also impair xenophagy. Indeed, severely weakened clearance 
of the intracellular pathogen Salmonella typhimurium was observed in human epithelial cells 
with the CD-linked ATG16L1 mutation [80]. Other studies suggest that impaired xenophagy 
(cellular clearance of intracellular bacteria) leads to the activation of Th17 cells. 
IRGM
The third of the primary CD linked autophagy proteins is IRGM (Immunity-related 
GTPase family M).  Polymorphisms in both the coding and promoter regions of the IRGM gene 
KDYHEHHQUHSHDWHGO\OLQNHGWR&'>@,5*0LVWKRXJKWWRSOD\DFUXFLDOUROHLQWKHHDUO\
activation of xenophagy [65]. Defective expression of IRGM leads to defects in xenophagy, and 
DVDUHVXOWWKHIDLOXUHWRFOHDULQWUDFHOOXODUEDFWHULDO>@
Functional autophagy (and thus xenophagy) depends on the proper expression of 
$7*/12'DQG,5*0$FFRUGLQJO\SRO\PRUSKLVPVLQDQ\RIWKHVHWKUHHJHQHVOHDGWR
dysfunctional autophagy (xenophagy). Dysfunctional expression of autophagic (xenophagic) 
SURWHLQVOHDGVWRWKHDFWLYDWLRQRI7KFHOOVWKURXJKWKHXSUHJXODWLRQRI,/,/DQG71)
and possibly through the down regulation of IL-10.
Increased secretion of IL-1
Recent studies have shown that autophagy plays an integral role in the production of 
YDULRXVF\WRNLQHV6SHFLÀFDOO\LWKDVEHHQIRXQGWKDWWKHSURGXFWLRQRI,/LVFORVHO\OLQNHG
to autophagy. Studies in human monocytes and murine macrophages have found that impaired 
DXWRSKDJ\OHDGVWRLQFUHDVHGVHFUHWLRQRI,/>@
$FRPPRQPHWKRGWRLPSDLUDXWRSKDJ\LV WKHDSSOLFDWLRQRIPHWK\ODGHQLQHZKLFK
blocks the Beclin-1 complex, which is required for the initiation of the induction of the 
DXWRSKDJRVRPH>@1XPHURXVVWXGLHVKDYHVKRZQLQFUHDVHG,/SURGXFWLRQLQWKH
SUHVHQFHRIPHWK\ODGHQLQH>@
9DULRXV PXULQH VWXGLHV LQ PDFURSKDJHV KDYH VSHFLÀFDOO\ VWXGLHG WKH HIIHFW RI WKH
GLVWXUEDQFHRINH\DXWRSKDJ\SURWHLQVRQ,/SURGXFWLRQ,PSDLUHGH[SUHVVLRQRI%HFOLQ>
@/&%>@RU$WJ>@DOORIZKLFKDUHUHTXLUHGIRUSURSHUDXWRSKDJRVRPHLQGXFWLRQ
results in increased IL-1 production.  Likewise impaired expression of ATG16L1, additionally 
UHTXLUHGIRUDXWRSKDJRVRPHLQGXFWLRQDOVROHGWRKHLJKWHQHG,/SURGXFWLRQ>@
Because autophagy negatively regulates IL-1 production, defective autophagy would 
lead to IL-1 secretion in response to TLR ligands that would normally fail to stimulate 
IL-1 secretion. Saitoh et al., found higher secretion of IL-1 in response to LPS as well as 
Eneterobacter aerogenes, E. coli and Klebsiella pneumoniae (non-invasive gram negative 
FRPPHQVDO EDFWHULD LQPXULQHPDFURSKDJHV ODFNLQJ$7*/ FRPSDUHG WR FRQWUROV >@
These indicate that defective autophagy could be implicated in a hyperactive immune response 
to commensal bacteria. Thus, defective autophagy could lead to a potentially harmful immune 
response to non-pathogenic bacteria. 
In order to understand how impaired autopahgy controls IL-1 production, it is necessary 
WRORRNDWWKH,/SURGXFWLRQSDWKZD\7KHSURGXFWLRQRI,/LVDFRPSOH[SURFHVVWKDWWHVWLÀHV
WRWKHSRWHQWLQÁDPPDWRU\SRWHQWLDORIDFWLYH,/DQGWKHKRVW·VDWWHPSWVWRPRQLWRULW,/
production begins with the induction of the transcription of the cytokine gene. TLR ligands, 
SULPDULO\7/5OLJDQGVDUHWKHPRVWFRPPRQVWLPXODWRUWKRXJK1/5OLJDQGVKDYHDOVREHHQ
LPSOLFDWHGDVLQGXFHUV>@6WLPXODWLRQRI7/5VDFWLYDWHV1)Ʃ%DF\WRNLQHWUDQVFULSWLRQ
regulating protein (factor), which initiates gene transcription [91].
After transcription, translation creates inactive precursor IL-1 which must be 
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SURWHRO\WLFDOO\FOHDYHGE\WKHF\VWHLQHSURWHDVH&DVSDVHWREHFRPHDFWLYDWHG,/ơ>@
Caspase 1 itself exists in an inactivate form, pro-caspase 1, until it is activated by the cytosolic 
PXOWLSURWHLQ FRPSOH[ 1/35 1XFOHRWLGHELQGLQJDQGROLJRPHUL]DWLRQ GRPDLQ 1RG DQG
OHXFLQHULFKUHSHDW²FRQWDLQLQJLQÁDPPDVRPH>@7KXVWKHVHFUHWLRQRIPDWXUH,/ơLV
GHSHQGHQWXSRQ1/53LQÁDPPDVRPHLQGXFWLRQ
Autophagic Regulation of IL-1ȕ production dependent on the NLRP3 inflammasome 
:K\GLGWKHUHPRYDORIDXWRSKDJLFSURWHLQVOHDGWRLQFUHDVHG1/53LQÁDPPDVRPH
mediated cytokine production? Recently, mitochondrial homeostasis was linked to functional 
autophagy through studies that showed dysfunctional autophagy disrupted mitochondrial 
KRPHRVWDVLV > @ %HFDXVH DXWRSKDJ\ LV UHVSRQVLEOH IRU RUJDQHOOH UHF\FOLQJ GHIHFWLYH
autophagy impairs mitochondrial homeostasis.  Disruption of mitochondrial homeostasis 
was marked by increased mitochondrial membrane permeability, increased production of 
mitochondrial reactive oxygen species (ROS) and release of mitochondrial DNA into the 
F\WRVRO>@%RWKWKHLQFUHDVHLQPLWRFKRQGULDO526DQGWKHF\WRVROLFWUDQVORFDWLRQRI
PLWRFKRQGULDO'1$OHDGVWRWKHLQGXFWLRQRIWKH1/53LQÁDPPDVRPH>@
 Further studies showed that blocking ROS in macrophages with impaired autophagy, led 
WRGHFUHDVHG1/53LQÁDPPDVRPHDFWLYDWLRQ>@7KXVWKURXJK maintaining mitochondrial 
KRPHRVWDVLV DXWRSKDJLF SURWHLQV UHJXODWH 1/53 LQÁDPPDVRPH LQGXFWLRQ ZKLFK LQ WXUQ
UHJXODWHVWKHSURGXFWLRQRI,/ơ
7KHNH\ UROH526SOD\V LQ1/53 LQÁDPPDVRPHDFWLYDWLRQ OLQNV ,/ơ WR WKH
potent cytokine, TNF-Ơ 7KLV LQÁDPPDWRU\ F\WRNLQH LV RQH RI WKH SULPDU\ F\WRNLQHV
produced by macrophages in response to TLR ligands [96].  TNF-Ơ has been shown to 
disrupt mitochondrial homeostasis, which in turn heightens ROS production that ultimately 
FDQ OHDG WR WKH LQFUHDVHG VHFUHWLRQ RI PDWXUH ,/ơ >@ ,QGHHG DV anti-TNF-Ơ 
antibodies leads to reduced secretion of ,/ơ>@7/5OLJDQGVVWLPXODWHERWK,/ơDQG
TNF-Ơ production [99]. In cells with defective autophagy, the TNF-Ơ produced from this 
stimulation will substantially disrupt mitochondrial homeostasis, leading to increased ROS 
SURGXFWLRQ DQG1/53 LQÁDPPDVRPH LQGXFWLRQ DQG VXEVHTXHQWO\ WR KLJKO\ LQFUHDVHG
,/ơVHFUHWLRQ 
In summary defective autophagy leads to mitochondrial stress, which leads to 
LQFUHDVHGQXPEHUVRI526ZKLFKLQWXUQXSUHJXODWHVWKH1/53LQÁDPPDVRPHZKLFK
LQ WXUQ DFWLYDWHV &DVSDVH  ZKLFK FOHDYHV SUHFXUVRU ,/ơ LQWR PDWXUH ,/ơ UHDG\
IRU VHFUHWLRQ7KXV DXWRSKDJ\ FDQPRQLWRU ,/ơ VHFUHWLRQ LQ D1/53 LQÁDPPDVRPH
dependent manner. 









E\H[SHULPHQWVWKDWVKRZHGLQ$7*/GHÀFLHQWPXULQHPDFURSKDJHV, the forced induction of 
DXWRSKDJ\E\UDSDP\FLQOHDGVWRGHFUHDVHGOHYHOVRISUHFXUVRU,/ơ>@
$XWRSKDJ\ KDV EHHQ VKRZQ WR UHJXODWH ,/ơ RQ WKH WUDQVFULSWLRQDO OHYHO 0XULQH
PRGHOVKDYHVKRZQWKDWLPSDLUHGH[SUHVVLRQRI$WJFDQEHOLQNHGWRLQFUHDVHGOHYHOVRI,/ơ
mRNA [88]. Plantinga and Crisan showed that in human peripheral blood monocytes (PBMCs), 
DXWRSKDJ\UHJXODWHV,/ơLQDPDQQHULQGHSHQGHQWRIWKH1/53LQÁDPPDVRPHSDWKZD\DQG
121
 Crohn’s Disease 121 







7KHDFWXDOPHFKDQLVPRIKRZDXWRSKDJ\ UHJXODWHV ,/ơ WUDQVFULSWLRQ UHPDLQV WREH





Defective autophagy heightens Il-1ȕ signal transduction 
Besides initiating autophagosome induction in autophagy and thus down regulating 
IL-1 production, ATG16L1 was recently found to negatively regulate IL-1 signaling. Lee et al 
VKRZHGWKDW$7*/GHÀFLHQWPXULQHHPEU\RQLFÀEUREODVWVH[KLELWHGKHLJKWHQHG,/VLJQDO
transduction cascades [100]. Functional ATG16L1 promotes the degradation of Nucleoporin 
 SDSURWHLQFRPSOH[ LQ WKHQXFOHDUHQYHORSH >@ WKURXJKERWKDXWRO\VRVRPDODQG
&XOPHGLDWHG SURWHDVRPDO SDWKZD\V >@7KLV UHJXODWLRQ RI S LV FUXFLDO WR UHJXODWLQJ
WKH,/VLJQDOWUDQVGXFWLRQFDVFDGHDVKLJKHUQXPEHUVRISDUHGLUHFWO\OLQNHGWRLQFUHDVHG
oligomerization and activation of the signal transducer, TRAF (TNF receptor associated factor) 
6 [100].  
,QPRXVHHPEU\RQLFÀEUREODVWVWKHORVVRI$7*/OHDGWRWKHKHLJKWHQHGDFWLYDWLRQ
RI75$) ZKLFK LQ WXUQ OHDG WR WKH LQFUHDVHG DFWLYDWLRQ RI1)N% DQG0$3. VLJQDOLQJ
LQ UHVSRQVH WR ,/ >@ 7KLV UHVXOWV LQ DQ LQFUHDVHG LQÁDPPDWRU\ UHVSRQVH WKDW LV WKH
consequence of heightened IL-1 signal transduction. Because the signal transduction cascade is 
DPSOLÀHGLQPRXVHHPEU\RQLFÀEUREODVWVZLWKLPSDLUHGH[SUHVVLRQRI$7*/VLJQLÀFDQWO\
ORZHU DPRXQWV RI ,/ZRXOG EH QHHGHG WR VWLPXODWH DQ LQÁDPPDWRU\ UHVSRQVH WKDQ WKRVH
without impaired expression of ATG16L1. [100] This implicates the ATG16L1 gene as 
UHVSRQVLEOH IRUDQH[FHVVLYH LQÁDPPDWRU\ UHVSRQVH WR VLJQDOV WKDWZRXOG W\SLFDOO\ WULJJHUD
PXFK VPDOOHU LQÁDPPDWRU\ UHVSRQVHRU IDLO WR WULJJHU DQ\ LQÁDPPDWRU\ UHVSRQVH DW DOO$V
SUHYLRXVO\GLVFXVVHG,/LVSRWHQWDFWLYDWRURI7KFHOOVDQGWKXVDPSOLÀFDWLRQRIWKH,/
signal transduction cascade up regulates Th17 differentiation. Thus, defective expression of a 
NH\DXWRSKDJ\SURWHLQDPSOLÀHVWKH,/VLJQDOWUDQVGXFWLRQFDVFDGHDQGSRWHQWLDOO\LQFUHDVHV
the up regulation of Th17 cells.
Defective autophagy leads to impaired clearance of Adherent-Invasive E. coli 
(AIEC), which results in increased production of TNF-Į
Xenophagy plays a central role in the clearance of intracellular pathogens. Hence 
polymorphisms in xenophagy genes have been linked to defective clearance of intracellular 
pathogens. Numerous studies have reported high levels of a unique strain of E. coli in CD 
SDWLHQWV>@7KLVVWUDLQ is marked by strong adherence and invasive properties and hence 
is referred to as adherent-invasive E. coli (AIEC). 
AIEC are able to survive and replicate inside intestinal epithelial cells and macrophages 
>@7KLVUHSOLFDWLRQLVQRUPDOO\QHJDWHGE\IXQFWLRQDO[HQRSKDJ\DV[HQRSKDJ\ZRUNV
to degrade and remove intracellular pathogens. Indeed, the intracellular presence of AIEC 
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stimulates the association of xenophagic components around the point of endocytosis where 
WKH$,(&HQWHU>@,PSDLUHG[HQRSKDJ\OHDGVWRLQFUHDVHG$,(&SUROLIHUDWLRQ/DSDTXHWWHHW
al., showed that dysfunctional expression of any of the three primary xenophagy genes linked 
WR&' 12'$7*/RU ,5*0 OHDGV WR LQFUHDVHGFRQFHQWUDWLRQRI$,(& >@7KHVH
experiments also showed that forced induction of xenophagy decreased the concentration of 
$,(&>@
AIEC invade intestinal epithelial cells via a macropinocytosis-like process [105]. 
Once inside cells, AIEC begin to replicate inside acidic vacuolar phagolysosomes despite 
WKHSUHVHQFHRIFDWKHSVLQ'>@$,(&DUHDEOHWRVXUYLYHDQGUHSOLFDWHZLWKRXWFDXVLQJ
KRVW FHOO GHDWK >@ ,Q IDFW $,(& LQIHFWLRQV LQKLELW PDFURSKDJHV IURP XQGHUJRLQJ
SURJUDPPHG DSRSWRVLV > @ ,QWHUHVWLQJO\ $,(& SUROLIHUDWLRQ XS UHJXODWHV WKH
expression of TNF-Ơ, which in turn activates Th17 cells. 
As the intracellular concentration of AIEC in macrophages rises, the secretion 
of TNF-Ơ LQFUHDVHV >  @ 7KH LQFUHDVHG VHFUHWLRQ RI71)Ơ correlates with 
increased replication of AIEC. The reasons why and the mechanism for how AIEC induces 
TNF-Ơ secretion remains unclear. Yet it was found that the secretion of TNF-Ơ was found to 
be primarily induced by AIEC in order to provide conditions favorable for their replication 
instead of by the host cell in an attempt to clear the AIEC [106]. 
Regardless of the reasons why and the mechanisms how, substantial evidence points 




,PSDLUHG FOHDUDQFH RI$,(& UHVXOWV LQ WKH VSHFLÀF GHJUDGDWLRQ RI WKH LQWHVWLQDO
EDUULHU'\VIXQFWLRQDO[HQRSKDJ\RI$,(&ZRXOGOHDGWRLQFUHDVHGFODXGLQOHYHOVDVWKH
AIEC population up regulates TNF-ƠVHFUHWLRQ,QFUHDVHGFODXGLQH[SUHVVLRQDPSOLÀHV
intestinal permeability. Thus high levels of TNF-Ơ increase intestinal permeability, which 
in turn leads to the induction of Th17 cells (and also allows for fecal-oral transmission of 
AIEC).
Defects in the intestinal barrier lead to increased Th17 cell induction. This results 
due to the increased contact of commensal and pathogenic microorganisms in the gut 
lumen with immune cells in the lamina propria. Increased T cell activation would result 
from the increased number of antigens antigen-presenting cells (APCs) would encounter. 
Likewise increased stimulation of immune cells, principally macrophages and Dendritic 
FHOOV'&VZRXOGOHDGWRVHFUHWLRQRISURLQÁDPPDWRU\F\WRNLQHVLQFOXGLQJ71)Ơ, IL-1 
DQG,/WKDWZRXOGFUHDWHDPLFURHQYLURQPHQWWKDWIDYRUVLQÁDPPDWLRQDQGSURPRWHV
Th17 cell induction. This effect would be compounded by any genetic factors that would 
SUHGLVSRVHWKHPLFURHQYLURQPHQWWRLQFUHDVHGLQÁDPPDWLRQH[DPSOH$7*/UHODWHG
defective regulation of IL-1 production or signaling). Thus defects in the intestinal barrier 
can lead to increased Th17 induction.
Increased polarization of Th17 cells through specific inhibition of Treg cell induction
$VDOUHDG\QRWHGLQDGGLWLRQWRZHDNHQLQJWKHLQWHVWLQDOEDUULHU71)VSHFLÀFDOO\
GHDFWLYDWHVWKH7UHJWUDQVFULSWLRQIDFWRU)R[S71)LVDFUXFLDOGULYHURI7KSRODUL]DWLRQ
and increased levels of TNF-Ơ would lead to increased levels of Th17 cells and decreased 
levels of Treg cells.  Thus increased levels of AIEC leads to increased levels of TNF-, 
which in turn leads to increased levels of Th17 cells.
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High levels of AIEC are linked to defective autophagy and lead to elevated levels 
of TNF-Ơ. TNF-Ơ promotes Th17 cell induction through degrading the intestinal barrier 






,/ LV SOHLRWURSLF F\WRNLQHZLWKPXOWLSOH UHJXODWRU\ HIIHFWV >@7UHJ FHOOV VHFUHWH ,/
as one of their key effectors [108]. While monocytes, dendritic cells (DCs), mast cells, and 
macrophages secrete IL-10 upon stimulation of their pattern PRRs, including TLRs and NLRs. 
,W ZDV SXUSRUWHG LQ  WKDW WKH LQV& IUDPHVKLIW PXWDWLRQ LQ WKH 12' JHQH GRZQ
regulates IL-10 transcription through impeding the activation (phosphorylation) of the nuclear 
ULERQXFOHRSURWHLQKQ513$>@
7KH VWXG\ E\ 1RJXFKL HW DO LV VLJQLÀFDQW EHFDXVH LW GLUHFWO\ OLQNV D FRPPRQ &'
PXWDWLRQZLWKGRZQ UHJXODWLRQRI DNH\DQWLLQÁDPPDWRU\F\WRNLQH ,/<HW WKLV VWXG\ LV
QRWZDWHUWLJKW&OHDUO\ WKLV H[SHULPHQW VKRZHG WKDW WKH12' IUDPH VKLIWPXWDWLRQ UHVXOWV
in decreased secretion of IL-10. Yet it failed to specify the levels of the secretion of other 
F\WRNLQHV2WKHUVWXGLHVKDYHVKRZQWKDWGHIHFWVLQ12'OHDGWRUHGXFHGVHFUHWLRQRIYDULRXV
F\WRNLQHVOHVVWRWDOSURGXFWLRQRIDOOF\WRNLQHVERWKSURLQÁDPPDWRU\DQGDQWLLQÁDPPDWRU\
>@7KXV IXUWKHU UHVHDUFK LV QHHGHG WR LPSOLFDWH WKH12' IUDPH VKLIWPXWDWLRQZLWK WKH
VSHFLÀF LPSDLUPHQW RI ,/ SURGXFWLRQ ,I WKH 12' IUDPH VKLIW PXWDWLRQ FDQ EH VKRZQ
WRVSHFLÀFDOO\LQKLELW,/WKHQWKLVDXWRSKDJ\UHODWHGJHQHKDVWKHSRWHQWLDO WRGULYH7K
induction through inhibiting IL-10.
IL-10 regulates CD inflammation
IL-10 plays an important role in intestinal homeostasis. Down regulation of IL-10 
OHDGV WR UHGXFHG LQKLELWLRQ RI LQÁDPPDWLRQ DQG FRQVHTXHQWO\ LQFUHDVHG LQÁDPPDWLRQ >@
$FFRUGLQJO\ UHGXFHG OHYHOV RI ,/ DUH IRXQG LQ&'SDWLHQWV >@ 6SHFLÀFDOO\ YHU\ ORZ
levels of IL-10 correlate to severe manifestations of CD that often require multiple surgeries 
[109]. In addition, GWAS have linked both IL-10 promoter and IL-10 R polymorphisms to CD 
[110].
IL-10 maintains intestinal barrier through activation of IgA




12'PHGLDWHG GRZQ UHJXODWLRQ RI ,/ UHVXOWV LQ GHFUHDVHG OHYHOV RI ,J$ZKLFKZRXOG
negatively effect the intestinal barrier.
IL-10 enhances Treg induction
,/DOVRVNHZV WKHGLIIHUHQWLDWLRQRIQDwYH&' T cells into Treg cells [56]. High 




of which favors Th17 cell activation. 
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Conclusion
This paper examined the ways autophagy linked proteins regulate IL-1 production 
and signaling, IL-10 production and intracellular bacterial levels. Autophagy monitors 
secretion of IL-1. Likewise defective autophagy leads to the increased levels of IL-1. 
The autophagic linked protein ATG16L1 monitors the IL-1 signal transduction cascade. 
'\VIXQFWLRQDO H[SUHVVLRQ RI $7*/ OHDGV WR WKH DPSOLÀFDWLRQ RI WKH ,/ VLJQDO
WUDQVGXFWLRQ FDVFDGH7KH DXWRSKDJLF OLQNHGSURWHLQ12'PRQLWRUV ,/SURGXFWLRQ
'\VIXQFWLRQDO12'KDVEHHQSXUSRUWHGWRVSHFLÀFDOO\GRZQUHJXODWH,/$XWRSKDJ\
through xenophagy, controls intracellular bacterial levels. Defective autophagy leads to 
LQFUHDVHG$,(&OHYHOVZKLFKOHDGVWRWKHVSHFLÀFXSUHJXODWLRQRI71)Ơ by AIEC.
Defective expression of autophagy-linked proteins can lead to the up regulation of 
the cytokines needed for Th17 induction (IL-1 and TNF-Ơ) and the down regulation of 
D7K LQGXFWLRQ LQKLELWLQJF\WRNLQH ,/  ,Q OLJKWRI WKLV WKHVSHFLÀF OLQNLQJRI WKH
DXWRSKDJLFSURWHLQV$7*/12'DQG,5*0WR&'KHOSVH[SODLQWKHGHYLDQW7K
FHOOGULYHQLQÁDPPDWLRQRI&'
This understanding should lead to the continued exploration and development of 
&' WUHDWPHQW WKDW VSHFLÀFDOO\ UHVWRUHV GHIHFWLYH DXWRSKDJ\ ,I GHIHFWLYH DXWRSKDJ\ FDQ
be restored Th17 induction would likely be reduced. Restored autophagy would down 
regulate IL-1 production, decrease the levels of the TNF-Ơ inducing AIEC and reduce 
RUJDQHOOHVWUHVV2QHNQRZQHQKDQFHURIDXWRSKDJ\LVDFRPSRXQGFDOOHGUDSDP\FLQ>@
Indeed, the administration of rapamycin analogues, including sirolimus and everolimus, 
KDVOHGWRUHGXFHG&'V\PSWRPV>@%\FODULI\LQJWKHPDQQHULQZKLFKGHIHFWLYH
autophagy induces Th17 cells, this paper encourages the continued exploration of potential 
CD treatment involving autophagy.
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